Spontaneous decays of small, hot silver cluster anions Ag − n n = 4 − 7 have been studied using one of the rings of the Double ElectroStatic Ion Ring ExpEriment (DESIREE). Observation of these decays over very long time scales is possible due to the very low residual gas pressure (∼ 10 −14 ) and cryogenic (13 K) operation of DESIREE. The yield of neutral particles from stored beams of Ag In these calculations, we assume that the internal energy distribution of the clusters are flat and with this we reproduce the early steep parts of the experimentally measured decay curves for Ag 
I. INTRODUCTION
Access to mass-selected clusters of different sizes allow the study of how physical and chemical properties change when going from small systems with just a few atoms to systems with tens, hundreds or thousands of atoms, and to bulk matter. Small clusters are particularly interesting to study in this context as their various properties are expected to depend strongly on the number of atoms they contain. Here, spontaneous and/or photo-induced decays of various sorts may be used to probe the energetics and structural properties of these systems. Internal excitation energies in, for example, charged metal clusters can dissipate via different types of processes, including radiative cooling. Often several decay channels are open and may contribute to the decay on different time scales. Observations of electron detachment and/or fragmentation can then reveal features of photo-emission processes.
The development of cryogenic electrostatic ion beam storage devices [1] [2] [3] [4] [5] [6] has made it possible to store ions for extended periods of time and to investigate relaxation processes on time scales ranging from microseconds to hours. Electrostatic ion storage devices have no upper mass limit, which facilitates the storage of heavy keV ion beams as demonstrated by the first electrostatic storage ring for atomic, molecular, and cluster physics -the ELISA ring in Aarhus [7] . ELISA is operated at room * emma.anderson@fysik.su.se temperature with a residual gas pressure of 10 −10 −10
mbar (molecular number density ∼ 10 6 cm −3 ), yielding typical ion beam storage times on the order of seconds. Cryogenic operation vastly improves ion beam storage capabilities as it lowers the residual gas pressure by orders of magnitude. Number densities between 10 2 and 10 4 per cm 3 [2, 4, 8] have been reported to give 1/e ion beam storage lifetimes of minutes and up to almost an hour [4, 8, 9] . Equally important, cryogenic operation may allow the stored ions to approach thermal equilibrium with the device at temperatures down to a few kelvin [1, 2, [4] [5] [6] 10] .
In 2001, Hansen et al. [11] reported on the spontaneous decay of internally hot metal cluster anions in ELISA. It was found that the production rate of neutrals leaving the ring varied with time t after injection as t
−1+δ
where |δ| < 1. This power law decay is caused by a broad distribution of decay constants, most often produced by a close-to-uniform distribution of internal excitation energies of the stored ions [11] . Since then, power law decays have been reported for many different types of charged polyatomic systems including metal clusters [12] [13] [14] [15] [16] , fullerenes [17, 18] , small carbon and hydrocarbon molecules [19] [20] [21] , biomolecules [22] [23] [24] , Polycyclic Aromatic Hydrocarbons (PAHs) [25, 26] , and SF − 6 [27, 28] . In many of these cases, deviations from a pure t −1 decay have been observed. These deviations are most frequently observed for systems consisting of a few atoms only and are discussed in terms of their specific properties such as heat capacities [19] , available decay channels [29] , densities of final states [28] − n , n = 4 -7, were injected and stored in the ring at 10 keV. The neutral particles from spontaneous decay (fragmentation and/or electron detachment) of the excited clusters were counted by a detector system consisting of a glass plate with a gold-titanium film emitting secondary electrons and a micro-channel plate (MCP) detector.
energy distribution [26] .
In a pioneering study, Hansen et al. [11] reported power law decay behavior extending to milliseconds for Ag − n (n = 4 -9), with radiative cooling being significant on time scales of tens of milliseconds for clusters with n = 4, 6, and 8. The Ag − 5 anion, however, followed a power law in their whole measurement window of 50 ms [11] .
In this paper we present experimental studies of the spontaneous decay of small, internally hot silver cluster anions (Ag 
II. EXPERIMENTAL APPARATUS AND METHODS
A detailed description of the DESIREE ion beam storage rings can be found elsewhere [1, 2, 9] , so only an outline of the salient features will be given here. Silver anions were produced using a Source of Negative Ions by Cesium Sputtering (SNICS II) [30] with a silver cathode. This type of ion source is known to produce a range of cluster sizes with broad internal energy distributions [31] . The Ag − n ions were accelerated to 10 keV and mass-selected using a 90
• analyzing magnet and injected into one of the ion storage rings of DESIREE, as shown in Fig. 1 . A chopped ion bunch of tens of microseconds duration, filling up half the ring upon injection, was stored and neutral particles were counted by means of a detector mounted along the line-of-sight of one of the straight sections of the ring. The detector assembly consists of a gold-titanium coated glass plate, a triple-stack micro-channel plate (MCP) and a resistive anode encoder (RAE). When neutral keV particles impinge on the glass plate, secondary electrons are emitted and accelerated towards the MCP for detection as indicated in Fig. 1 .
Two sources of background need to be considered: de- tector dark counts and counts generated by neutrals due to collisions with the residual gas [2] . The detector dark count rate was measured between injections, with no ions in the ring, and subtracted from the rates measured after ion injection. Due to the extremely low residual gas density, the signal from residual gas collisions gives only a very small contribution in relation to the high neutral rates from spontaneously decaying hot clusters and is only visible after the initial decays discussed here have occurred, after seconds of storage or longer.
Measurements of neutral yields due to the stored clusters were performed by accumulating data over many ion-injection-and-storage cycles. Each measurement cycle started with injection of a mass-selected ion bunch, followed by storage of this beam for a pre-set time window, removal (dumping) of the stored beam, and measurement of the detector dark count background rate as shown in the example in Fig. 2 . The storage time windows ranged from 100 ms to 60 s depending on the cluster ion. ter ions of interest here. These measurements show that the ion storage time is orders of magnitude longer than the typical cluster decay times we are investigating here.
A mechanical shutter was used to chop a continuous wave 632 nm (1.99 eV) laser beam into pulses for the Ag − storage measurement. This pulse train produced neutral Ag atoms via photodetachment proportional to the number of Ag − ions in the ring as a function of time after injection. The laser duty cycle was varied for successive measurements. The laser and ion beams travelled in opposing directions in a collinear configuration in the straight section of the ring. In this configuration, the laser first passed through the glass plate in front of the detector and then interacted with the Ag − beam. The neutral Ag atoms from the photodetachment process were registered by the MCP. The neutral yield recorded with a laser duty cycle of 5% is shown in Fig. 3 .
The measured effective decay rate Γ eff contains contributions from laser-induced photodetachment losses. Therefore the effective decay rate, Γ eff , was measured as a function of laser duty cycle as shown in the inset in Fig. 3 . By extrapolating to zero laser duty cycle, a decay rate, Γ, gave a storage lifetime of 1/Γ = 1624 ± 65 s for 10 keV Ag − ions. Furthermore, the ion beam storage time is expected to increase with cluster size for fixed storage energy, as applied here, and thus ion beam loss due to residual gas collisions during the first 60 seconds (the maximum cluster decay measuring time) of storage is negligibly small. Silver has two naturally occurring isotopes of mass 107 and 109 amu with close to equal abundances, so there are n+1 possible isotopologues for Ag 4 , generated by scanning the analyzing magnet and measuring the ion current on a Faraday cup located after the magnet, is shown in Fig. 4 . The relations between the ion beam currents at masses 428, 430, 432, 434, and 436 amu agree to within a per cent of those expected from the natural abundances. We found the measured time dependences of the neutral yields due to stored Ag cluster where the mass of the ions was chosen (by a slight shift of the setting of the analyzing magnet) to be on the high mass shoulder of the main peak, where we expect larger relative contributions to the ion beam from Ag 4 H − , if at all present. By comparing to a measurement of the time dependence of the neutral yield where the analyzing magnet was set to the center of the Ag − 4 mass peak, we concluded that Ag n H − contaminations were sufficiently small to be neglected. were measured for only a single 100 ms time window. A low ion current of a few pA was used for the shortest measurement time window of 100 ms; using a low current prevents saturation of the detector and effectively eliminates the effects of beam losses due to ion-ion interactions [2] . Higher currents of a few nA were used for longer time windows in cases where the signal rates per molecule were much lower. The different data sets were then combined using an overlapping time region where the data sets are unaffected by saturation. In the results presented in Figs. 5 and 8 we have added data from many injections. The first few points in each figure are the accumulated counts from individual turns of the ion bunch in the ring. Data for all later times are sorted into time bins increasing linearly in width with time so that these data points are equidistant on a logarithmic scale.
C. Measurements with Ag

III. MODELLING THE DECAY OF EXCITED CLUSTER ANIONS
An excited silver cluster anion, (Ag − n ) * , can decay via the following channels,
The electron detachment and fragmentation processes lead to the production of neutrals and contribute to the measured signal. Electron detachment processes, in the time range relevant here (µs or longer), will proceed via vibrational autodetachment (VAD) where vibrational energy is transferred to the electron. Radiative cooling processes lower the internal energy of the ion, which remains stored in the ring, with reduced probabilities for fragmentation or electron detachment. The time-dependent total neutralization rate, R(t) following the injection of a bunch of N non-interacting ions with an initial distribution g(E) of internal excitation energies E is
Here, the neutral particle production rate constant, k neutral (E) = k VAD (E) + k frag (E), and the total decay rate constant, k tot (E) = k neutral (E) + k rad (E) are expressed in terms of the rates for vibrational autodetachment (k VAD ), fragmentation (k frag ), and radiative cooling (k rad ). In Eq. 1, we assume that a single photon emission event effectively gives k neutral = 0 s −1 for all later times. The radiative cooling rate, k rad , is expected to vary much more slowly with E than k neutral (E) and may then be treated as a constant.
As mentioned above, the time dependence of R(t) is in many cases simple and can be characterized through
(2) where δ can be positive or negative and is often small [15, 22, 33] .
A strict t −1 behavior follows from Eq. 1 provided k tot is a sufficiently rapidly increasing function of E and provided that g(E) does not change significantly with E over the (narrow) range of internal energies involved. Then, for k rad (E) << k tot (E) the function k tot (E)te
is strongly peaked at its maximum value at E = E max and R(t) is proportional to g(E max )/t (to see this think of k neutral (E)te −ktot(E)t as a delta function at E = E max and do the integral in Eq. 1). Since k tot (E) increases strongly with increasing E, the initial distribution g(E) is depleted from the high energy side. That is, ions with higher internal energy decay first. As a consequence E max decreases with time but when g(E) is constant, the value of g(E max ) does not change with time yielding the t −1 power law [11] . For large systems, such as amino acids, the absolute value of δ has typically been found to be smaller than 0.1 [22] . For small systems |δ| values of up to 1 have been reported [14, 16, 28, 33] .
Radiative cooling will lower the internal energies of the stored ions. These photon emission processes will not produce neutrals but may quench the power law decay at times t approaching a characteristic time τ , when k rad (E) is no longer insignificant compared to k tot (E). The neutralization rate including radiative cooling processes, provided that k neutral is effectively negligible after the emission of the photon, is given by [16] 
where τ is the characteristic photon emission time.
To enable quantitative comparisons with our experimental data we calculate the rate constants for electron detachment and fragmentation processes based on detailed balance considerations. The calculated rate constants and a constant value of g(E) will then be used in Eq. 1 to calculate the total rates for neutral particle production.
The rate constant for electron detachment is taken to be [34, 35] 
where E is the internal excitation energy, ε the kinetic energy of the emitted electron, σ L (ε) is the Langevin cross section for electron attachment to the neutral silver cluster, m e is the mass of the electron, and E a is the electron affinity of the corresponding neutral cluster. ρ (0) and ρ (−) are the vibrational level densities of the Ag n product (with internal energy, E − E a − ε) and of the initial Ag − n state (with internal energy E), respectively. The factor of 2 is due to the spin degeneracy of the emitted electron. The level densities can be determined using the Beyer-Swinehart algorithm [36] where vibrational frequencies, electron affinities and dissociation thresholds are required as input.
In analogy with Eq. 4 we express the rate constant, k frag (E, ε), for a fragmentation process in which the cluster parent anion (Ag − n ) emits a neutral silver monomer or dimer as
Here, E is again the excitation energy of the parent ion (p), ε is the sum of the kinetic energy release and any internal excitation energy of the emitted particle, E D is the dissociation energy for the given fragmentation channel and µ the reduced mass of the two fragments, and σ c is the cross section for the reverse process where the parent system is formed from the fragments. The level densities of the parent (p) and daughter (d) systems are ρ (p) and ρ (d) with internal energies E and E −E D −ε, respectively. The degeneracy of the emitted fragment is denoted by γ.
The summed electron detachment and fragmentation rates are
respectively.
IV. RESULTS AND DISCUSSION
A. Ag 5 ), this changes to a less steep slope over time ranges of a few tens or hundreds of milliseconds. Finally, the curves bend down until reaching levels that slowly decrease. The latter are slow decays of the stored ion beams due to residual-gas collisions (see Section II A). Similar behavior (i.e. different exponents in different time ranges) have been reported for the spontaneous decay from small copper cluster anions of size n = 3 -6 [14, 16] .
A fitted function of the form
is shown together with the experimental data in Fig. 5 . The first term in Eq. 7 is a power law and the second term an exponentially quenched power law (as in Eq. 3). The constant C is the contribution from residual gas collisions -the decay of the beam is very slow (see Section II A). The parameters δ 1 , δ 2 and τ used to fit Eq. 7 to the experimental data are listed in Fig. 5 . Two-component power laws may indicate that two different classes of Ag − n ions are simultaneously stored in the ring. In previous studies of small silver clusters [11] an exponential cut-off with a characteristic time of τ = 5 ms was reported for Ag − 4 and was then ascribed to radiative cooling [11] . We do not see an exponential cut-off in this time range in the present data for Ag − 4 . We do, however, observe a characteristic exponential cut-off time of τ = 1.1 s. Here we note that conditions for the observation of the signal at long times are more favourable in DESIREE than in earlier experiments. In the previous silver cluster studies [11] , no deviation from a power law behavior was observed for storage times up to 50 ms for Ag We calculate the rates for electron detachment and for fragmentation through emission of neutral monomers and neutral dimers separately for both cluster sizes following the procedures outlined in Section III. Rotational excitations are neglected in these calculations.
Several parameters are required in each case and for the detachment processes we first calculate σ L (ε), the Langevin electron capture cross section for both cluster sizes using a polarizability of 15.8Å
3 . This value was taken from reference [14] where it was extrapolated from experimental data for Cu − 4 . The Langevin cross section assumes unit sticking probability and the calculated rate constant for vibrational autodetachment (see Eq. 4) will thus serve as an upper limit within the present model. For the fragmentation processes a geometric value of σ c =1Å 2 was used for the formation cross section (see Eq. 5). The harmonic vibrational frequencies, electron affinities and dissociation thresholds needed for the level densities were calculated by means of density functional theory (DFT) at the B3LYP/LANL2DZ level of theory. The resulting electron affinities for Ag 4 and Ag 5 were then found to be 1.72 eV and 2.01 eV respectively. The dissociation thresholds for monomer and dimer loss were calculated to be 1.08 eV and 1.43 eV respectively for Ag 5 . A degeneracy of γ = 2 was used when calculating the fragmentation rates from Eq. 5. Atomic silver has a spin-1/2 ground state, so the degeneracy value for monomer emission is 2. For dimer emission the spin degeneracy could be 1 or 3 depending on whether the dimer is in a singlet or triplet state. Here we use a rough average value of 2. The radiative decay rate, k rad was set to zero.
In Fig. 6 , we show calculated rates for electron detachment via VAD and fragmentation of Ag The rate constants calculated for Ag − 4 (upper panel Fig. 6 ) indicate that monomer loss (i.e. fragmentation) is the dominant process at all times where we have a decay signal in the experiment and that all neutrals detected in the measurement are silver atoms from this dissociation process. For Ag is the only process contributing to the measured yield of neutrals. The corresponding calculated neutral rates (using the method described in Section III and shown in Fig. 5 ) reproduce the surprisingly steep slopes at early times in both cases (Ag 5 ), but fall far below the measured rate at later times. As the initial strong deviations from t −1 are reproduced in the calculations, which assume constant values for the initial internal energy distributions g(E), specific initial conditions are likely not the cause of these deviations. Furthermore, as was argued in Section III and in several earlier studies of the power-law decay phenomenon [11] , t −1 follows from simple arguments when g(E) is assumed constant and when k tot (E)te −ktot(E)t is assumed to be a delta function. This indicates that the large δ values for early times may be connected to the explicit energy dependence of the decay rate.
C. Ag While the model works relatively well for short times it appears that ensembles of more slowly decaying clusters are present in the stored Ag [16] . There, electron detachment was the lowest energy decay channel for low J, while fragmentation was energetically more favourable at higher J. It was then speculated that this could be related to the twocomponent shape of the decay curve for some of the small copper clusters [16] .
For Ag − 4 and Ag − 5 , the threshold energy for fragmentation is lower than the threshold energy for electron detachment for much wider ranges of angular momenta. For Ag − 4 , this is illustrated in Fig. 7 , where the minimum excitation energies needed for, fragmentation and electron detachment are shown as functions of J(J + 1). These energies were calculated by means of density functional theory (DFT) for stable structural isomers. The Ag Unlike the situation for the copper clusters, the dominating decay mechanism is the same irrespective of the value of the total angular momentum quantum number within certain bounds. This, however, does not exclude the possibility that ions with very different values of J can decay through fragmentation on very different time scales and that the slow components that are not described by the present model could be due to clusters with high values of J. The neutral particle yields from Ag Fig. 8 . The decay curves for both these cluster ions show similar behavior, a power law at early times followed by an exponential drop-off at later times. This shape is indicative of an ensemble of cluster anions with a broad internal energy distribution where the decay is dominated by electron detachment and/or fragmentation at early times, whilst at later times the neutral particle emission yield is quenched by e.g. radiative cooling processes. Eq. 3 describes this behavior and was used to fit the experimental data to obtain the exponential cut off times of τ = 23 ± 4 and τ = 110 ± 60 ms for the Ag − 6 and Ag − 7 anions respectively. The latter value agrees well with the previously reported value of ∼100 ms for Ag − 7 , while the former value is dramatically longer than the ∼5 ms reported for Ag − 6 in the previous study [11] . For these more complex systems (with many In principle these dashed lines should have small non zero slopes as the rotational barrier height increases with J. Full dynamics simulations would be required to properly describe this for all geometries, which is beyond the scope of this work. Rotations along the axis with the smallest value of B were assumed to give lower limits to the excitation energies. The excited vibrational states, which will extend from the lowest state for each structure, are not indicated.
D. Ag
possible isomers and dissociation channels) we have not attempted to make any model calculations.
V. SUMMARY AND CONCLUSIONS
In this work we have presented measurements of the decays of small internally hot Ag Since the calculations use a constant value for the initial energy distribution we ascribe the large |δ| values to inherent properties of the specific clusters rather than to the ion source conditions. Whilst the calculated neutral rates reproduce the early times of the experimental yields they deviate at later times indicating that there are ensembles of more slowly decaying clusters in the Ag to follow single power laws with exponential cut offs of 23 ± 6 ms and 110 ± 60 ms respectively.
In future experimental campaigns we plan to perform coincidence measurements between neutral and charged fragments in order to conclusively determine if fragmentation or electron detachment dominate in the decay of small metal clusters.
